Graphene powders obtained via the reduction of graphene oxide flakes have been widely used in various applications as they can be synthesized in large quantities with outstanding properties. The electrical conductivity of graphene powders is critical for their uses in fabricating high-performance devices or materials. Here, we investigated the bulk electrical conductivity of reduced graphene oxide (rGO) powders depending on the applied pressure and additional thermal annealing. The electrical conductivity of the rGO powders was correlated with the change in the carbon-to-oxygen ratio via additional thermal reduction. Furthermore, the effect of the morphology of the rGO powders was studied through electromechanical measurements. This study provides a reliable method for the electromechanical characterization of rGO powders and a better understanding of the electrical conductivity of graphene-based materials.
Introduction
Exfoliation is a promising production method of two-dimensional materials [1] [2] [3] . Mechanical cleavage using an adhesive tape was first used for obtaining mono-or few-layer graphene from graphite for electrical measurements [4] . However, this method is not suitable for the scalable production of graphene because it generates graphene layers with non-uniform thickness, small lateral sizes, and random positions on a substrate. Accordingly, the chemical oxidation of graphite in conjunction with subsequent exfoliation into monolayers and reduction has been developed for the high-throughput production of graphene layers [1] . As graphene oxide (GO) obtained via the exfoliation of graphite oxide is insulating, owing to the oxygen-containing functional groups generated by strong oxidation, it should be chemically or thermally converted to electrically conductive graphene, called reduced GO (rGO) [5] .
rGO in powder form has been extensively used in various applications, including the electrodes of energy storage devices and conductive fillers in polymer nanocomposites [6, 7] . The electrical performance of these graphene-based devices and materials is highly affected by the electrical conductivity of individual rGO flakes. Individual rGO flakes were electrically characterized by patterning electrodes on a silicon oxide substrate, placing the GO flakes, and then performing the chemical or thermal reduction of the flakes [8] [9] [10] . The electrical conductivity of rGO flakes has been observed to be dependent on the reduction method and the degree of reduction [9] [10] [11] [12] .
However, in general, the conductivity of agglomerates of these graphene powders is lower than the intrinsic conductivity of the individual flakes because the interfacial contacts between graphene flakes impede the electrical transport. Thus, in addition to the individual flakes, the bulk electrical conductivity of agglomerates of graphene powders should be studied for developing graphene-based devices and materials. There are several approaches to prepare samples for characterizing the bulk electrical conductivity of graphene powders. For example, a composite sample can be prepared by mixing graphene powders with polymer binders, which forms a free-standing sample [7] . However, the use of an additional insulating material for creating a network composed of graphene powders hinders the better understanding of the electrical properties of graphene powders. A free-standing paper can be formed by the vacuum filtration of graphene flakes dispersed in a solvent, which enables the electrical measurement of graphene networks without the need for any additional material [13] . In general, graphene papers can be prepared by the vacuum filtration of GO dispersion and subsequent reduction because well-dispersed GO flakes can form a well-stacked, layered configuration with strong interlayer interactions [14] .
In contrast, rGO flakes cannot easily form a free-standing paper via vacuum filtration because the crumpled morphology of rGO powders reduces their interfacial contacts, resulting in weak interactions between rGO flakes. Therefore, the morphology of rGO flakes needs to be modified through an additional treatment such as sonication for fabricating a free-standing paper [15] . Compaction of powders in a given space has been an alternative to the electrical measurement of agglomerates of various powders [16] . The bulk electrical conductivities of various carbonaceous powders including graphite, carbon nanotubes, and carbon black have been measured under compression [17] [18] [19] . The electrical conductivity of rGO powders has also been studied by applying pressure [19, 20] . However, further investigations are required for a better understanding of the variation in the electrical conductivity of rGO agglomerates by considering other parameters such as reduction degree and the morphology of the rGO powders. In addition, to commercialize the rGO powders, the quality of the powders needs to be characterized and controlled. For example, the property variations of the powders should be monitored in a batch as well as between batches. This can be performed by taking out a small amount of samples from the bulk materials and characterizing their electrical conductivity. In this case, the electrical measurement of powder compacts can be one of the useful methods because it does not require additional processes or materials.
In this study, we investigated the bulk electrical conductivity of agglomerates of rGO powders under pressure. The degree of reduction of the rGO powders was controlled by varying the thermal annealing temperature. The electrical conductivity of the rGO powders under pressure was measured according to the reduction degree. In addition, the effect of the morphology of the rGO powders was studied through electromechanical measurements.
Materials and Methods

Materials for the Electrical Measurements
Commercially available rGO powders were purchased from two companies (TGF600 from GrapheneAll, Suwon, Korea and V-50 from Standard Graphene, Ulsan, Korea). Graphite (SP-2, Bay Carbon, Bay City, MI, USA) was used as a reference material for verifying the reliability of the measurement method. The rGO powders were additionally reduced via thermal annealing in vacuum with a hydrogen flow (5 sccm in a 2-inch tube) for 1 h. Three different temperatures, i.e., 400, 800, and 1000 • C, were used to vary the reduction degree of the rGO powders.
The morphology of the rGO and graphite powders was observed using scanning electron microscopy (SEM, JSM-7600, Jeol, Tokyo, Japan). The chemical structures of rGO were characterized using X-ray photoelectron spectroscopy (XPS, ESCALAB-250 with monochromated Al K α radiation, Thermo-Scientific, Waltham, MA, USA). The C 1s core-level spectra were deconvoluted with Gaussian-Lorentzian functions after the background signal was subtracted using the Shirley background model. Raman spectroscopy (ALPHA300M with a 532-nm wavelength laser, WiTec, Ulm, Germany) was also used to characterize the rGO and graphite powders.
Electrical Measurements under Compression
Electromechanical measurements were performed using the apparatus shown in Figure 1 . The apparatus was composed of an insulating ceramic cylinder (an inner diameter of 11.98 mm), a stationary copper plunger fit to the bottom of the ceramic cylinder, and a movable copper plunger placed on top of the cylinder. The powder samples were dried in a convection oven at 30 • C for 12 h to remove the moisture in the powders. After filling the cavity in the cylinder with an accurately weighed amount of powders, the top plunger was pressed down into the ceramic cylinder using a universal testing machine. The pressure was increased up to~14 MPa.
During the compression, the DC electrical resistance (R) between the two copper electrodes was measured by applying an electrical current and measuring the resulting voltage (2636B, Keithley, Cleveland, OH, USA). Subsequently, the electrical conductivity (σ) was calculated using the following equation: σ = L/AR, where L is the distance between the two electrodes and A is the cross-sectional area of the ceramic cylinder. All the measurements were repeated three times for each condition. The error bars shown in the results represent deviations between multiple samples from the same powder batch.
Prior to these measurements, the internal resistance of the apparatus was evaluated by pressing the top electrode onto the surface of the bottom electrode without any powder. The internal resistance of the apparatus was measured to be lower than 2 mΩ. This was significantly lower than the measured resistance of the powders, confirming that the electrical measurements represented the conductivity of the powders. 
Results and Discussion
Electrical Conductivity of Graphite under Pressure
To verify the reliability of the test apparatus, the electrical conductivity of the graphite powders (SP-2, Bay Carbon) was measured and compared with the previously reported value [19] . Figure 2a shows a SEM image of the graphite powders. Individual flakes have a flat shape with the lateral dimensions of tens of micrometers. Raman spectroscopy shows typical G and 2D bands at~1580 and~2720 cm −1 , respectively ( Figure 2b ). The minimal D band at~1350 cm −1 confirmed the high crystallinity of the graphite powders. Figure 2c shows the density as a function of pressure. The density sharply increased at low applied pressure and the rate of its change decreased at a pressure higher than~1.5 MPa (at a density of~1 g/cm 3 ). The transition point at the density of~1 g/cm 3 is close to that of a similar experiment using the same graphite sample [19] . The transition is attributed to two different densifications in the graphite agglomerates. When the cavity was filled with the graphite platelets, they were randomly placed; owing to their flat shape, relatively large voids were generated inside the graphite agglomerates. Thus, at low pressure, loosely packed agglomerates were rearranged with the sharp increase in the density. Once the graphite platelets were roughly packed, the densification of the stacked graphite platelets was mainly due to the compression of the graphite platelets with elastic or plastic deformation. With an increase in the pressure, the electrical conductivity increased (Figure 2b ). The electrical conductivity at a pressure of 5 MPa was~2000 S/m, which is very close to the value reported in the previous work [19] . The transition behavior can also be observed in the conductivity versus density curve (Figure 2c) . At low density, the poor contacts among the graphite agglomerates due to the anisotropic shape caused a slow increase in the conductivity, whereas the elastic or plastic deformation at a higher density induced a sharp increase in the conductivity. This measurement result of graphite is close to that of the previously reported study [19] , confirming the reliability of the electromechanical measurements in this study. 
Characterization of Thermally Reduced Graphene Oxide
To generate rGO powders with different reduction degrees, the commercial powders (TGF600 and V-50) were thermally annealed at three different temperatures: 400, 800, and 1000 • C. In this study, the effect of the morphology of the rGO powders on the electrical conductivity under pressure was investigated by using these commercial powders. The TGF600 rGO powders were synthesized via the spray drying of a GO dispersion and partial thermal reduction. Therefore, they had crumpled spherical shapes as shown in Figure 3a . Compared with the as-received TGF600 rGO powders, the rGO powders treated by additional thermal annealing were less crumpled, showing relatively large diameters (Figure 3b-d ). This might be because the thermal annealing expanded the gaps between the graphene layers and generated unfolded rGO powders [21] . In contrast to the TGF600 powders, the V-50 rGO powders were synthesized via only partial thermal reduction, without spray drying. Thus, they showed layered, stacked configurations, as illustrated in Figure 3e . Similar to TGF600, additional thermal annealing generated less packed rGO powders (Figure 3f XPS was used to observe the changes in the chemical structures of the rGO powders. Figure 4 shows the C 1s core-level spectra of the TGF600 rGO powders annealed at different temperatures. To evaluate the carbon-to-oxygen (C/O) ratio, the C 1s spectra were analyzed by peak deconvolution. The asymmetric Doniach-Sunjic line shape was used for the sp 2 -hybridized carbon (C=C) at the binding energy of 284.5 eV [22] [23] [24] [25] . The Gaussian-Lorentzian product formula was used for the other spectral components: the sp 3 -hybridized carbon (C-C) at 285.3 eV, C-O at 286.3 eV, C=O at 287.6 eV, and O=C-O at 288.8 eV [26, 27] . Furthermore, the π-π* transition in aromatic systems at 290.7 eV was considered in the deconvolution [28] . The commercial rGO powders were partially reduced from GO. Therefore, the oxygen functional groups were mostly removed as shown in Figure 4a . The C/O ratio for the as-received TGF600 rGO powders was 5.8. This is higher than the typical C/O ratio of~2 for GO powders [29] . The additional thermal annealing removed the oxygen functional groups in the powders (Figure 4b-d ) and increased the C/O ratios to 5.9, 6.2, and 7.9 for the powders annealed at 400, 800, and 1000 • C, respectively. Figure 5 shows the C 1s core-level spectra of the V-50 rGO powders annealed at different temperatures. The C/O ratio for the as-received V-50 powders was 3.2. The V-50 rGO powders annealed at 400, 800, and 1000 • C had C/O ratios of 3.8, 4.8, and 6.2, respectively. Figure 6 shows the typical Raman spectra of the rGO powders with D and G bands at~1350 and 1580 cm −1 , respectively. The peak intensity ratios of the D peak to the G peak, I D /I G , were 0.979 and 0.921 for the TGF600 and V-50 rGO powders, respectively. The additional thermal annealing induced stronger D peaks for both rGO powders. The I D /I G ratios were 0.982, 1.016, and 1.390, respectively, for the TGF600 rGO powders annealed at 400, 800, and 1000 • C, whereas the corresponding values for the V-50 rGO powders were 0.923, 1.062, and 1.162, respectively. The removal of oxygen functional groups at a higher annealing temperature induces the loss of carbon atoms from the graphene lattice, which causes the formation of more defects such as vacancies and distortions and results in the increase in I D /I G , as similarly observed in the previous works [14, 30, 31] . In addition, the D and G bands were more sharpened as the rGO powders were annealed at higher temperatures. Along with the XPS results, these Raman spectra confirmed greater reduction with an increase in the thermal annealing temperature. Figure 7a ,d shows the density of the rGO powders as a function of the applied pressure. Similar to that for graphite, there exists a transition in the density change, indicating a rearrangement of the rGO agglomerates at low pressure and a deformation of the rGO powders at high pressure [19] . In addition, the density at a given pressure decreased with an increase in the annealing temperature. As observed from the SEM images (Figure 3) , the rGO powders annealed at a higher temperature exhibited loosely packed configurations, which caused a slight reduction in the density of the agglomerates in the cavity as shown in Figure 7a,d .
Electrical Conductivity of Thermally Reduced Graphene Oxide under Pressure
The electrical conductivity of the rGO powders increased with an increase in the pressure (and the density) (Figure 7b,c,e,f) . The as-received TGF600 and V-50 powders at 14.2 MPa showed the average conductivities of 295 ± 133 and 224 ± 40 S/m, respectively. The conductivity difference between the two rGO powders was caused by a greater reduction in the TGF600 powders than that in the V-50 powders, which was confirmed by the higher C/O ratio and I D /I G for TGF600. Additional reduction via thermal annealing also increased the electrical conductivity. In particular, annealing at 1000 • C caused dramatic changes in the average conductivities of both rGO powders: 1143 ± 56 S/m for TGF600 and 1190 ± 206 S/m for V-50 at 14.2 MPa. Theoretical and experimental studies showed that the critical dissociation temperature of hydroxyl groups at the edges of GO is 650 • C. Thus, thermal annealing at the temperatures of 700-1200 • C in vacuum can fully eliminate the hydroxyl groups of GO, whereas carboxyl groups can be slowly removed at 100-150 • C [32, 33] . Therefore, high-temperature annealing can generate greater reduction, which is similar to the results of the electrical measurements in this study.
Previously, we measured the in-plane electrical conductivity of rGO papers directly fabricated from TGF600 rGO powders without any additional reduction [15] . Owing to the spherical morphology of the TGF600 rGO powders, the paper was formed after sonication treatments which rendered the shapes of the powders flatter and unfolded. Thus, more sonication treatments enabled the fabrication of rGO papers with more layered stacking and less porosity. In the previous study, an rGO paper fabricated via the sonication of rGO powders for 6 h showed the average electrical conductivity of 152 ± 8 S/m [15] . The density of the rGO paper was estimated to be 0.13 g/cm 3 by using the mass used to fabricate the papers, paper diameter, and paper thickness. In this study, the as-received TGF600 rGO powder showed the average electrical conductivity of 117 ± 22 S/m at 0.13 g/cm 3 . The conductivity of the rGO powders under compression was slightly lower than that of the rGO paper at the same density. The conductivity of the rGO papers reflected the in-plane properties of the relatively well-stacked layers formed via the filtration of less crumpled, unfolded rGO powders dispersed in a solution, whereas the conductivity of the rGO powders was measured for compacts of the crumpled powders with lower interfacial contact areas. In addition, a possible residue of the solvent left in the paper during vacuum filtration might improve the interfacial electrical contacts in the rGO layers, resulting in a relatively higher conductivity than that of the powder. Thus, electrical measurement under pressure is an alternative reliable method to characterize the bulk electrical conductivity of rGO powders. The effect of the morphology of the rGO powders was also studied using mechanical work, which was required to compress the powders to a given value of density. The mechanical work was evaluated using the following equation [18, 20] :
where E i is the mechanical work, P j is the pressure corresponding to the thickness h j , and A is the circular area of the cylinder. As shown in Figure 8a , the mechanical work for the graphite powders is similar to the previously reported result [18, 20] . The mechanical works for the as-received V-50 rGO powders were higher than those of the as-received TGF600 rGO powders at low density. This indicates that the V-50 rGO powders required more mechanical energy to be compressed, possibly because they have flatter shapes than the TGF600 powders. However, at high density, the mechanical works for the TGF600 powders were higher than those of the V-50 powders. This might be because the wrinkles and ripples in the TGF600 powders reinforced the compacts of the powders. It was observed that the additional thermal treatments increased the mechanical works for both powders (Figure 8b ). 
Conclusions
The bulk electrical conductivity of thermally reduced graphene oxide agglomerates was investigated according to the applied pressure and additional thermal annealing. Two commercial rGO powders were tested to study the effect of their morphology on the compaction. Crumpled and spherical rGO powders had lower density at a given pressure than flatter powders. Thus, the spherical powders required less mechanical work than the flatter powders at low density. However, it was observed that the crumpled morphology reinforced the compacts of the powders at high density, requiring more mechanical works to achieve the same density. Furthermore, we observed that greater reduction via thermal annealing at a higher temperature induced a higher electrical conductivity of the compressed rGO agglomerates. Particularly, thermal annealing at 1000 • C showed a significant increase in the electrical conductivity. This study demonstrates a reliable measurement method for the bulk electrical conductivity of rGO powders and provides a better understanding of the powder conductivity. Furthermore, this measurement method can be used as a way to monitor the quality of the rGO powders produced in industry, since a small amount of powders can be taken and characterized repeatedly.
